INTRODUCTION
The gasification process requires an oxidising agent that provides oxygen for the formation of CO from solid fuel. The oxidising, or gasifying, agents are air, oxygen, steam and CO 2 . CO 2 is produced during the pyrolysis and early oxidation processes and generally not externally added. The most common agent is air because of its availability at zero cost. Air, though cheap, is not a perfect agent because of its nitrogen content. The product gas from air gasification has generally a low heating value of 4-7 MJ/Nm 3 . Oxygen gasification produces a higher heating value (10-18 MJ/Nm 3 ) but has a drawback due to the high production cost of oxygen.
Steam is another alternative. It also generates a medium calorific value gas (10-14 MJ/Nm 3 ) and moreover increases the hydrogen content of the product gas. The presence of steam is important in case of further catalytic upgrading of the product gas 1 . Steam gasification is however a highly endothermic reaction and requires a temperature above 800 °C to take place 2 if no catalyst is present 3, 4 . The heat required for the reaction has to be transferred either by partial char combustion in the same reactor -mixing H 2 O with oxygen/air 1, 5 -or by indirect heating 6, 7 .
Because of biomass moisture, and steam from pyrolysis in downdraft gasification, steam will always be present in gasification whether it is used or not as a gasification agent. Hydrogen is one of the products of steam gasification and its effect on the reaction is also relevant. Some kinetic data for steam gasification of biomass have been published 2, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18 , but very few considering the effect of H 2 inhibition 19, 20, 21, 41 . The diversity in evaluation of the results from char reactivity experiments is large. The definition of gasification rate varies among researchers and so does the criteria to select the reactivity values from the experiments. Few authors 16, 22 have concerns regarding this.
This study presents the kinetic parameters and reactivity profiles for steam gasification of birch and beech char. The inhibition effect of hydrogen is also studied using Langmuir-Hinshelwood kinetics. In addition, the influence of the treatment of the experimental results is analysed by comparing the kinetic parameters differently obtained from the same experiments.
The same birch char has been used for CO 2 /CO gasification 23 . The kinetic study of char gasification in H 2 O/H 2 /CO 2 /CO mixtures will be a continuation of the work presented.
THEORETICAL BACKGROUND

H 2 O/H 2 REACTION MECHANISMS
The overall steam gasification reaction can be represented by:
However, the reaction is much more complex and involves several steps. Numerous studies have been conducted in order to understand the mechanisms of the steam gasification reaction. The catalytic activity of the ash plays an important role in this discussion 24, 19, 25 . H 2 O gasification is more complex than CO 2 gasification because not only H 2 O is involved but also H 2 , CO 2 and CO due to the equilibrium of the water gas shift reaction 19, 25 . Hüttinger and Merdes 26 give a comprehensive description of the models proposed in the literature for the carbon-steam reaction. Basically, there are two models of the reaction mechanism: the oxygen exchange model and the hydrogen inhibition model. The equations involved are:
The oxygen exchange model is based on equations 2 (reversible -k 1f and k 1b -) and 3, the traditional hydrogen inhibition model is based on equations 2 (irreversible -only k 1f -), 3
and 4 and a different version of the hydrogen inhibition model substitutes equation 4 by equation 5. Each model has a different explanation of the inhibition effect of hydrogen. According to the oxygen exchange model, it is due to the equilibrium of the dissociation reaction (Eq. 2). For the traditional hydrogen inhibition model, the formation of the C(H) 2 complex is the reason for inhibition. Finally, the second version of the hydrogen inhibition model involves a dissociative chemisorption of hydrogen on the active sites 27, 28 , blocking them for the oxygen transfer reaction with steam. The reaction rate for the models presented is similar, with the exception of dependency on hydrogen partial pressure:
According to Hüttinger and Merdes 26 , it is not possible to determine which is the dominating hydrogen inhibiting mechanism by looking at the reaction rate because the equations are identical, with exception of the second version of the hydrogen inhibition model.
It is quite common to reduce equation 6 to the following expression 20, 24 :
where K 2 and K 3 represent a ratio between rate constants but are not rate constants themselves. Other authors 19, 29 rather use empirical equations to model the chemical kinetics. In this work, the kinetic parameters have been obtained according to the oxygen exchange model, equations 2 and 3, and also according to n th order kinetics.
INFLUENCE OF FUEL TYPE
Several studies have focused on the influence of wood type on CO 2 gasification 30, 31, 32 and steam gasification 2, 14, 17, 20, 33, 34, 35 . A general conclusion is that the ash content, composition and its catalytic properties explain the differences among the fuels. In particular, Hansen et al. 20 refer to the potassium content of the ashes as being especially relevant.
Moilanen et al. 14 present their results from steam atmospheric gasification of chars from different origins: wood, black liquor, cellulose fibres, peat and coal. All chars, apart from peat, present an increasing reaction rate with conversion, especially wood.
Stoltze et al. 17 find that the gasification of hardwood is 2-3 times slower than straw, probably due to the different char structure and composition. However, since the density of the hardwood char is 5 times higher than the one of straw, in a volume basis the reactivity of wood char is double than of straw. The direct consequence of this fact is that the gasifiers for wood char only require half the volume of a straw gasifier.
Finally, it is important to mention that the pyrolysis conditions also have influence on the char reactivity, as several investigations have proved.
TREATMENT OF THE EXPERIMENTAL RESULTS
There are two definitions of the reactivity commonly used:
where m o is the char mass at the beginning of the gasification and m f is either negligible, or represents the mass of ash, or -as in this work-the residual mass after gasification. The degree of conversion is obtained as:
Therefore, the relation between the two definitions of reactivity presented above is:
It is widely accepted that the reactivity depends on the degree of conversion but there is no agreement about how to define one representative value of reactivity for each experiment. The representative value of reactivity from an experiment is most frequently obtained as the average reactivity between two degrees of conversion: 0-50% 38 selects the representative value of reactivity as the reactivity at 5% conversion. Using an earlier value might introduce error because of the gas changing, but a later value would not correspond to a known condition of the sample inside the sample cup holder (depth, mainly).
Stoltze et al. 16 propose a mass-weighed mean reactivity in order to give less importance to the latest stages of conversion.
Finally, other researchers consider the reactivity as a function of the chemical reactivity, dependent of temperature and reactants partial pressure but independent of conversion, and of a structural factor, solely dependent on the degree of conversion 13, 39 . Still, it is possible to find other methods to obtain reactivity 11, 19 .
EXPERIMENTAL SECTION
Kinetics for a Norwegian birch and a Danish beech have been determined. Apart from their origin there are also other differences between the woods. The beech sample is first received as wood chips whose surface has been exposed to the ambient and that partially contains bark. The birch sample comes from a wood log that has been cut into small cubes of 1x1x1cm, removing the bark. The proximate and ultimate analysis is shown in Table 1 and the ash analysis in Table 2 . The instrument used for the reactivity study is a Pressurised Thermogravimetric Analyser (PTGA) at ReaTech, a modified Du Pont Thermogravimetric Analyser. The sample (~5 mg) is placed on a small platinum tray, hanging on a horizontal balance arm. The sample temperature is measured with the help of two thermocouples, near to, but not in contact, with the sample. This investigation is limited to atmospheric pressure although the instrument is prepared for high pressure operation. Rathmann et al. 40 and Sørensen 35 give a detailed description of the PTGA and Hansen et al. 20 describe the modifications required for the instrument to tolerate steam. Once the char sample is introduced into the PTGA, it is first dried in N 2 during 10 min at 200 °C, then is heated at 24 °C/min to 1000 °C and held at this temperature for 30 min. After this the sample is cooled to the gasification temperature and when conditions are stable, the steam is allowed into the reaction chamber. The sample is hold isothermal until the gasification reaction is complete and then the temperature is raised to 1000 °C to complete the reaction. The sample size is ca. 10 mg and the gas flow 1000 ml/min.
The objective of increasing the temperature up to 1000 °C previous to gasification is to simulate the history of the particle in the two-stage gasifier at DTU, ET. This is also the reason for the heating rate of 24 °C/min. During the 30 min. period at 1000 °C in the nitrogen atmosphere some fraction of the catalytic species K and Na devolatilise and are carried away from the sample and therefore the char could be less reactive.
The experimental matrix for this investigation is shown in Table 3 . The design of the installation is described in Fig. 1 Fig. 1 Schematic drawing of the installation set-up. Fig. 2 shows the mass loss curve for one of the experiments. The initial and final weights for the gasification reaction are also indicated. Fig. 3 shows the reactivity as a function of the degree of conversion, i.e. the reactivity profile, for the same experiment according to equations 8 and 9. In addition, the figure shows the average reactivity (from eq. 8) between 20 and 80% conversion.
RESULTS AND DISCUSSION
GASIFICATION RATE
It is important to notice that the shape of the reactivity profile is very dependent on the reactivity definition. For the following discussion, the reactivity has been obtained according to equation 8. Fig. 4 shows the reactivity of the pure steam experiments as a function of temperature and steam partial pressure. The representative reactivity value has been obtained as the reactivity at 50% conversion. The continuous line shows the n th order reaction model for the birch experiments. The figure shows that beech is more reactive than birch at low temperatures (750-800 °C). The kinetic parameters obtained according to n th order kinetics are shown in Table 4 together with results from other references. From the above comparison one can see that the activation energy varies between 105 and 270 kJ/mol. Most values for E lie between 180 and 270 kJ/mol and the parameters obtained in this investigation are well within this range. The reaction order obtained is also similar to the values found in literature, eventually among the lower values. These data will be further discussed in Fig. 7 .
PURE STEAM EXPERIMENTS
H 2 INHIBITION EFFECT
The experiments show that the presence of hydrogen inhibits the steam gasification reaction, as presented in Fig. 5 . The equations 6 and 6.1 have been used to model the reaction. Table 5 shows the kinetic parameters obtained in this investigation. In spite of the high uncertainty of the model parameter calculation, the model fits well the experimental results (See Fig. 6 ). Table 6 compares these results with the few kinetic parameters found in the literature. Although there is a certain agreement in the value of E 3 , the other values are somewhat different. This could be explained by the high uncertainty of the calculation, as also mentioned by Hansen et al. 20 or by the differences in char origin. The kinetic parameters according to n th order kinetics are somewhat more scattered although still aligned. The differences between kinetic parameters can be also due to parameters not studied in this investigation like the number of active sites or the effect of temperature on the active sites behaviour. The three sets of kinetic parameters for birch (Langmuir-Hinshelwood kinetics) represent three valid numerical solutions in the model fitting. barley (16) barley (41) wood (12) wheat (20) wheat (41) wood (13) beech (tw) wheat (20) wheat (41) straw (1) wood (1) barley (41) barley (41) wheat (41) wheat (20) beech (tw) birch (tw) wood (18) washed barley (41) beech ( 
EFFECT OF FUEL TYPE
With respect to reactivity, the results have shown no large differences between birch and beech. There are however certain differences regarding the effect of temperature on the reactivity profile, and the shape of the profile itself. Fig. 8 shows several reactivity profiles, normalised with respect to their reactivity at 20% conversion to allow comparison. The final increase in gasification rate is more drastic for beech than for birch, especially noticeable for beech at lower temperatures.
Moilanen and his co-workers 14,21 also obtain increasing reactivity profiles with conversion, except for peat. They expect such increasing reactivity because of pore development structure, enhanced by the catalytic effect of the ash, since the ratio catalyst/carbon increases with char conversion. Stoltze et al. 16 obtain similar profiles with barley straw. Rensfelt et al. 2 find as well increasing reactivity with conversion, and a characteristic shape of the reactivity profile for each fuel, having each fuel the same curve independent of temperature. However, for washed barley chars, Sørensen et al. 41 find a decreasing reactivity as a function of conversion. The ash analysis presented in Table 2 shows very similar values for the potassium content of both woods, but there is some variation regarding other ash components. It cannot be known from the experiments whether the differences in the reactivity profiles are due to these other ash components or to a different porosity evolution as the conversion proceeds. 
INFLUENCE OF REACTIVITY DEFINITION
In this section, six different procedures are used to select a representative reactivity value (r c ) from the same experiments, using the reactivity definition (eqn. 8). All the definitions are explained in Table 7 . Table 7 Representative reactivity definitions compared in this section. The kinetic parameters for the n th order kinetic model have been obtained using these definitions of reactivity for the pure steam gasification experiments of birch. All the activation energies lie between 228-238 kJ/mol and the reaction orders between 0.54 and 0.58, apart from definition 3. The frequency factors are somewhat more scattered, lying between 5⋅10 7 and 3⋅10 8 . Regarding the uncertainty of the calculation, definitions 2, 5 and 4 seem to give more precise results and it is interesting to notice that the error of the reaction order calculation does not depend on how a representative reactivity value is defined.
It is very important to analyse the influence of the reactivity definition (eqn. 8 and 9) on the kinetic parameters. Since all representative reactivity definitions are related to a fixed degree of conversion (or a fixed interval), the difference between r and r w will be a multiplying factor, independent of temperature and pressure, and therefore absorbed in the frequency factor. This means that whether equation 8 or 9 is used, the activation energy and the reaction order calculation will give the same result.
